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EmissionsAbstract Experiments were conducted to determine engine performance, exhaust emissions and
combustion characteristics of a single cylinder, common rail direct injection (CRDI) system assisted
diesel engine using diesel with 25 percentage of zizipus jujube methyl ester blended fuel (ZJME25).
Along with this ZJME25 aluminium oxide nanoparticles were added as additive in mass fractions of
25 ppm (AONP 25) and 50 ppm (AONP 50) with the help of a mechanical Homogenizer and an
ultrasonicator. It was observed that aluminium oxide nanoparticles blended fuel exhibits a signiﬁ-
cant reduction in speciﬁc fuel consumption and exhaust emissions at all operating loads. At the full
load, the magnitude of HC and smoke emission for the ZJME25 before the addition of aluminium
oxide nanoparticles was 13.459 g/kW h and 79 HSU, whereas it was 8.599 g/kW h and 49 HSU for
the AONP 50 blended ZJME25 fuel respectively. The results also showed a considerable enhance-
ment in brake thermal efﬁciency and heat release rate due to the inﬂuence of aluminium oxide
nanoparticles addition in biodiesel–diesel blend.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Biodiesel fuel is one of the alternate fuels for diesel fuel.
Biodiesel can be used with diesel fuel at different proportions,
as it has very similar characteristics but lower exhaust emis-
sions. Biodiesel fuel has healthier properties than those of die-
sel fuel such as renewable, eco-friendly, nontoxic, and basically
free of sulphur [1–2]. The burning of fossil fuels is connected
with emissions such as CO2, CO, NOx, SOx, and particulatematter, which are currently the foremost global sources of
emissions [3]. Many investigations have shown that using of
biodiesel in direct injection diesel engines can reduce carbon
oxides, carbon monoxide, hydrocarbon, and particulate matter
emissions, but nitrogen oxide emission may increase [4,5]. Kao
et al. have studied the effects of aluminium nanoﬂuid combus-
tion in diesel fuel [6]. Their experiments showed that the addi-
tion of aluminium nanoparticles to diesel provides a large
contact surface area with water and high activity for the
decomposition of hydrogen from water during the combustion
process. During combustion, alumina serves as a catalyst and
the aluminium nanoparticles are denuded and decomposed the
water to yield the hydrogen. The combustion of the diesel fuel
mixed with aqueous aluminium nanoﬂuid shows the following
Nomenclature
bmep brake mean effective pressure, MPa
SFC speciﬁc fuel consumption, kg/kW h
BP brake power, kW
CO carbon monoxide,% vol.
HC hydrocarbon, ppm
NOx oxides of Nitrogen, ppm
CRDI common rail direct injection
ZJME25 75%diesel + 25%biodiesel
AONP25 aluminium oxide nanoparticles of 25 ppm blend
with ZJME25
AONP50 aluminium oxide nanoparticles of 50 ppm blend
with ZJME25
rpm revolution per minute
SEM scanning electron microscope
FTIR Fourier transform infrared ray
352 C.S. Aalam et al.phenomena: total combustion heat increases while the concen-
tration of smoke and nitrous oxide in the exhaust emission
from diesel engine decreases. Selvaganapthy et al. [7] con-
ducted a performance and emission test on diesel engine by
using biodiesel, blended with different nanoadditives and
found a reduction in ignition delay and a signiﬁcant increase
in peak pressure and heat release rate due to the presence of
nanoparticles in diesel. Fangsuwannarak et al. [8] conducted
experiments on the addition of TiO2 nanoparticles with biodie-
sel in diesel engine. The addition of TiO2 enhances higher car-
bon combustion activation and hence promotes complete
combustion. Due to the complete combustion of fuel, emis-
sions such as CO, CO2, and NOx are appreciably reduced.
Jung et al. [9] carried out an investigation on the inﬂuence of
cerium oxide additive on diesel. The addition of cerium in die-
sel will make shortened ignition delay and reduce soot emis-
sions. The oxidation rate was observed to be improved
drastically with the addition of cerium oxide in the diesel fuel
even though the rate was relatively insensitive to the dosing
level.
Nanometal oxide additives are reported to be successful in
reducing diesel emissions. The metal based additives reduce
diesel engine pollution emissions and fuel consumption values.
The reason for emission drop is that the metal reacting with
water to create hydroxyl radicals, which improve soot oxida-
tion, or by direct reaction with the carbon atoms in the soot,
thereby lowering the oxidation temperature [11–13].
Sadikbasha and Anand [14] have conducted a number of
experiments in direct injection diesel engine using alumina
nanoparticles and carbon nanotubes as additive with biodiesel
and diesel fuels and observed an appreciable increase in the
brake thermal efﬁciency and reduction in harmful pollutants
compared to that of neat biodiesel and neat diesel. Kao
et al. [15] conducted an experiment using aluminium nanopar-
ticles blended diesel and found a signiﬁcant improvement in
combustion and a substantial reduction of the HC and CO.
The aluminium nanoparticles can react with water at temper-
atures from 400 to 650 C to generate hydrogen [16].
Aluminium nanopowder can react with water at high temper-
atures and produce hydrogen, promote the combustion of the
fuel. Because the aluminium is of nanometer size, it has more
surface area and higher activity to decay the hydrogen from
water and increase combustion [17]. The aluminium powder
is a familiar ingredient for explosive formulations. Latest tech-
nology allowed the production of aluminium particles of nano-
size. These particles exhibit bizarre thermal behaviour that was
thought to be connected with stored internal energy [18,19].Rudimentary aluminium is tempting as an enhancing agent
in combustion applications due to its high heat of reaction [20].
The present study was aimed to investigate the effect of
ZJME blended with diesel along with aluminium nanoparticle
on the combustion, performance and emission characteristics
of CRDI diesel engine. For the investigation, 25% of ZJME
was blended with the sole fuel and taken as ZJME25. The alu-
minium nanoparticle was added with the amount of 25 ppm
and 50 ppm with ZJME25 and named it as AONP25 and
AONP50 respectively.
2. Materials and methods
2.1. Preparation of biodiesel
A potential diesel oil substitute is biodiesel, consisting of
methyl esters of fatty acids produced by the transesteriﬁcation
reaction of triglycerides of vegetable oils with methanol with
the help of a catalyst [21]. One of the most common methods
used to reduce oil viscosity in the biodiesel industry is called
transesteriﬁcation which takes place between a vegetable
oil and an alcohol in the presence of a catalyst [22].
Transesteriﬁcation is basically a chronological reaction.
Triglycerides are ﬁrst reduced to diglycerides. The diglycerides
are subsequently reduced to monoglycerides. The monoglyc-
erides are ﬁnally reduced to fatty acid esters [23].
Equipments used for transesteriﬁcation reaction are magnetic
stirrer, thermometer, and beaker. Raw materials are zizipus
jujube seed oil, methanol, and potassium hydroxide. Zizipus
jujube oil was measured to a capacity of 1000 ml and ﬁlled into
the ﬁrst beaker. Then, it was stirred at 1000 rpm and the oil
was warmed up to 60 C. In addition, 5 g of potassium hydrox-
ide was dissolved in 250 ml of methanol followed by forceful
stirring. This catalyst/alcohol mixture was added to the zizipus
jujube oil and stirred vigorously at 1000 rpm for 1 h at 60 C.
Crude glycerine, the heavier liquid, was separated at the bot-
tom and methyl ester on the top. After completion, water at
80 C was added to double volume of methyl ester, and then
stirred for 15 min. The glycerine was allowed to settle again.
The process was repeated until the ester layer becomes clear.
2.2. Preparation of fuel blend
For the blending of aluminium oxide nanoparticles in biodie-
sel, taken a sample of ZJME25 biodiesel say 1 l and then
0.025 g of aluminium oxide in the nanoparticles form is added
Experimental investigations on a CRDI system 353to make the dosing level of 25 ppm. Consequently, to increase
the dosing level of 50 ppm, we have to increase to 0.05 g/l,
respectively. After the addition of aluminium oxide nanoparti-
cles, it is shaken well. And then it is poured into mechanical
Homogenizer apparatus where it is agitated for about 30 min
in an ultrasonic shaker making uniform suspension. It should
be shaken well before use, as excess of nanoparticles settle
down on solution.
2.2.1. Properties of biodiesel blend samples
The physical and chemical properties of biodiesel were deter-
mined by standard methods and shown in Table 1. In order
to measure the properties of the biodiesel and the blends, the
test methods were used as follows. Density is an important
property of biodiesel. Density is mass per unit volume of any
liquid at a given temperature. Density measurement was car-
ried out using a hydrometer at a temperature of 312 K. The
ﬂash point temperature of biodiesel fuel is the minimum tem-
perature at which the fuel will ignite on application of an igni-
tion source. Flash point varies inversely with the fuel’s
volatility. Fire point is the lowest temperature at which a sam-
ple will continue burning for 5 s. Flash points of the samples
were measured in the temperature range of 50–190 C by an
automated Pensky–Martens closed-cup apparatus. The calori-
ﬁc value of a fuel is the thermal energy released per unit quan-
tity of fuel when the fuel is burned completely and the products
of combustion are cooled back to the initial temperature of the
combustible mixture. It measures the energy content in a fuel.
The caloriﬁc value of biodiesel and its blends was measured in
a bomb calorimeter according to ASTM D240 standard
method. Viscosity is a measurement of the internal ﬂuid fric-
tion of oil to ﬂow, which tends to resist any dynamic change
in the ﬂuid motion. Viscosity is measured by using Redwood
Viscometer. The Redwood viscosity value is the number of sec-
onds required for 50 ml of oil to ﬂow out of a standard
Viscometer at a deﬁnite temperature. The cetane number of
the fuel is one such important parameter which is responsible
for the delay period. Cetane number is deﬁned as the percent-
age by volume of normal cetane in a mixture of normal cetane
and a-methyl naphthalene, which has the same ignition charac-
teristics as the test fuel, when combustion is carried out in a
standard engine under particular operating conditions. A fuel
with higher cetane number gives a lower delay period and pro-
vides smoother engine operation. Biodiesel has a higher cetane
number than diesel because of its higher oxygen content.Table 1 Properties of diesel and biodiesel blends.
Properties Diesel
value
ZJME25 25 ppm
AONP–
ZJME25
50 ppm
AONP–
ZJME25
Kinematic
viscosity @
40 C in Cst
2.54 3.56 3.39 3.17
Density (kg/m3) 833 846 .849 853
Cetane number 52 55 57 58
Flash point (C) 50 56 57 58
Speciﬁc gravity
@ 27 C
0.840 0.878 0.865 0.8532.3. Properties of aluminium oxide nanoparticles
2.3.1. SEM of aluminium oxide nanoparticles
The size of the crystals is very important in nanocomposites to
evaluate the mechanical, and chemical properties [26]. The
SEM images showed that, most of the nanoparticles obtained
from all the abated laser energies have spherical shape with a
particle size of less than 100 nm [24]. The SEM of aluminium
oxide nanoparticles is shown in Fig. 1. Surface and morpho-
logical characterization of aluminium oxide nanoparticles
was carried out using scanning electron microscopy.
Nanosized spherical shaped aluminium oxide particles
obtained were conﬁrmed. The mean size of the particles varies
from 31.6 to 47.5 nm.
2.3.2. FTIR of aluminium oxide nanoparticles
The FTIR provides the ﬁngerprint identiﬁcation of crystalline
nature of the nanopowder. The FTIR spectrum of aluminium
oxide nanoparticles is shown in Fig. 2. The spectrum was
recorded in the wave number range of 400–3900 cm1. The
bands at 1658.76 and 3450.65 cm1 represent the water and
the hydroxyl stretches, respectively. The absorption band at
wave number 588.29 cm1 represents the Al–O stretch. In
the present study, it is observed that multiple peaks in the
range 500–900 cm1 conﬁrming that the used powder is of
crystalline form [25].
3. Experimental setup and test procedure
Experiments were conducted on a Kirloskar AV1, four stroke,
single cylinder, air cooled and common rail direct injection
(CRDI) system assisted diesel engine. The schematics of the
experimental setup are shown in Fig. 3. The rated power of
the engine was 5.2 kW and the engine was operated at a con-
stant speed of 1500 rpm and a standard injection pressure of
220 bar. Speciﬁcations of the test engine were given in Table 2.
The fuel ﬂow rate was measured on a volume basis using a
burette and a stop watch. Thermocouple and a digital display
were used to note the exhaust gas temperature. The Hartridge
smoke meter was used for measuring of smoke density. NOx,
HC and CO emissions were measured by AVL ﬁve gas ana-
lyzer. The inner cylinder pressure was measured with the help
on the legion brothers combustion analyzer. The experiment
was carried out with different blends of fuel. Readings wereFigure 1 SEM of aluminium oxide nanoparticles.
Figure 2 FTIR spectrum of aluminium oxide nanoparticles.
Figure 3 Experimental setup.
Table 2 Engine speciﬁcation.
Type Vertical, water cooled, four stroke
Number of cylinders One
Bore 80 mm
Stroke 110 mm
Compression ratio 17:1
Maximum power 5.2 kW
Speed 1500 rev/min
Dynamometer Eddy current
Injection timing 23 (before TDC)
Injection pressure 220 kgf/cm2
354 C.S. Aalam et al.taken when the engine was operated at a constant speed of
1500 rpm for all loads. Parameters such as engine speed, fuel
ﬂow, and emission characteristics such as NOx, HC, CO and
smoke were recorded. The performance of the engine was
evaluated in terms of brake thermal efﬁciency, brake power,
and speciﬁc fuel consumption from the above parameters.
The combustion characteristics such as cylinder pressure and
heat release rate were noted for different blends.4. Results and discussion
The operation of the engine was found to be very smooth
throughout the rated load, without any operational problems.
Figure 5 Brake thermal efﬁciency against brake power.
Figure 6 Smoke density against brake power.
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tion characteristics of the engine fuelled with aluminium oxide
nanoparticles blended ZJME25 fuel blends were discussed and
compared with the neat diesel fuel.
4.1. Engine performance parameters
4.1.1. Brake speciﬁc fuel consumption
Fig. 4 shows the variation of speciﬁc fuel consumption with
brake power for biodiesel blend and modiﬁed biodiesel with
different dosing levels of the aluminium oxide nanoparticles.
The BSFC of the AONP blended biodiesel is lower than that
of ZJME25 for all loads. Aluminium oxide nanoparticles, oxi-
dize the carbon deposits in the engine cylinder leading to
reduced fuel consumption [10]. Corresponding to brake power,
the speciﬁc fuel consumption decreases with an increase in the
dosing level of AONP. From the ﬁgure it is observed that the
BSFC values of neat diesel fuel and 25 ppm AONP fuel are
nearly same, while the 50 ppm AONP fuel shows a consider-
able decrease of about 6% in comparison with the other cases.
4.1.2. Brake thermal efﬁciency
Fig. 5 shows the variation of the brake thermal efﬁciency with
the brake power. The results show that the brake thermal efﬁ-
ciency of the CRDI diesel engine is improved by the addition
of AONP in the fuel. The metal oxide nanoparticles present
in the biodiesel blend encourage complete combustion, when
compared to the sole biodiesel blend [9]. Aluminium oxide
nanoparticles act as an oxygen buffer and thus improve
the brake thermal efﬁciency. It has also been observed that
the enhancement in the thermal efﬁciency increases with the
dosing level of nanoparticles. A maximum increase of 2.5%
in the brake thermal efﬁciency was obtained when the dosing
level of nanoparticles is 50 ppm.
4.2. Emission parameters
4.2.1. Smoke density
Fig. 6 shows the variation of smoke density with brake power
for both biodiesel and modiﬁed biodiesel. It is observed that
the load increases, the smoke density gradually increases inFigure 4 Speciﬁc fuel consumption against brake power.all cases. For ZJME25, the smoke density varies from 30HSU
at no load to 79HSU at maximum load, which is higher than
the diesel fuel. However the addition of nanoparticles signiﬁ-
cantly reduces smoke density with respect to biodiesel for all
the loads. This may be attributed by oxygen present in the
nanoparticles, which inﬂuence the reduction of smoke density.
50 ppm AONP shows a maximum reduction of smoke density
The smoke density of ZJME25 decreased on addition of alu-
minium oxide nanoparticles by about 15–20%, especially at
maximum load, which is similar to the trend of diesel fuel. It
was also observed that the reduction in the smoke density
increases with the increase in the concentration of AONP.
4.2.2. Oxides of nitrogen
Fig. 7 shows NOx emission with, and without the addition of
nanoparticles on ZJME25. It can be seen that NOx gradually
increased with addition of nanoparticles in all the cases. NOx
emission is mainly depended on temperature, the local concen-
tration of oxygen and the duration of combustion during dif-
ferent combustion phases on the different combustion zones.
By the addition of nanoparticles, which increases the diffusion
controlled combustion duration that increases the NOx
Figure 7 Oxides of nitrogen against brake power.
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load tends gradual increases of NOx emission, beyond that
slightly higher NOx emission at maximum load was observed.
Among the blends nanoparticles AONP25 shows lower NOx
emission than other concentrations. NOx emission of
ZJME25 without addition of AONP was 3.148 g/kW h and
after addition of nanoparticle it will be increased. When the
dosage of 25 ppm AONP, NOx emissions will be 3.456
g/kW h and for dosage of 50 ppm AONP, NOx emissions will
be 3.729 g/kW h.
4.2.3. Carbon monoxide
Fig. 8 shows the inﬂuence of the aluminium oxide nanoparti-
cles addition to biodiesel on carbon monoxide emissions.
Nanometal oxide particles as an oxidation catalyst lead to
higher carbon combustion activation and hence promote com-
plete combustion [6]. The nanoparticle blended fuels showed
accelerated combustion due to the shortened ignition delay.
Due to shortened of ignition delay, the degree of fuel–air mix-
ing and uniform burning could have enhanced [13]. Hence,
there was an appreciable reduction in carbon monoxide emis-
sions for aluminium oxide blended biodiesel. At the full load,
the CO emissions for ZJME25, AONP25 and AONP50 were
8.079 g/kW h, 3.951 g/kW h and 6.284 g/kW h respectively.Figure 8 CO against brake power.Up to 75% load, marginal reduction in CO emission beyond
that slightly increases, which is lower than that of the diesel
sole fuel.
4.2.4. Hydrocarbon
Fig. 9 shows the variation of hydrocarbon emissions for
25 ppm and 50 ppm levels of AONP in biodiesel blend.
Addition of aluminium oxide nanoparticles increased the level
of oxygen content in the biodiesel blend. However, oxygen
content of fuel is the main reason for HC emission reduction
and complete combustion [12]. Hydrocarbon emission is found
to be considerably reduced with the addition of the nanoparti-
cles to biodiesel. From this ﬁgure, it is seen that the HC emis-
sion reduced with the increase of AONP dosing level with
biodiesel. HC emission was 0.216 g/kW h, 0.162 g/kW h and
0.138 g/kW h for ZJME25, AONP25 and AONP50 blends
respectively.
4.3. Combustion characteristics
4.3.1. Cylinder pressure
Fig. 10 shows the variation of cylinder pressure with crank
angle for biodiesel blend and modiﬁed biodiesel blend with dif-
ferent dosing levels of the AONP at different engine operating
conditions. As the engine load decreases, the wall temperature
and residual gas temperature have been reduced, which leads
to a lower charge temperature at injection timing and length-
ens the ignition delay [4]. Addition of nanoparticles tends to
reduce the ignition delay and enhances the combustion [10].
It has been observed that the cylinder pressure increases in
all dosage levels of nanoparticles compared to diesel. The peak
pressure is increased by shortening of the diffusion combustion
of nanoparticles blended fuel [7]. From this ﬁgure, it is seen
that the cylinder pressure for AONP25 and AONP50 was
66.115 and 69.946 bar, respectively. It is clear that the cylinder
pressure increased with the increase in AONP in biodiesel
blend.
4.3.2. Heat release rate
Fig. 11 shows the variation of heat release rate with crank
angle. The addition of nanoparticles increases higher carbon
combustion activation and hence promotes the complete com-
bustion [8]. From the ﬁgure, it is clear that the heat release rateFigure 9 Hydrocarbon against brake power.
Figure 10 Cylinder pressure against crank angle.
Figure 11 Heat release rate against crank angle.
Experimental investigations on a CRDI system 357was found to be increased with the addition of AONP to bio-
diesel. The value of heat release rate is 154.727, 178.818, and
197.928 kJ/m3deg for ZJME25, AONP25, and AONP50.
Addition of nanoparticles accelerates the combustion process
and it has been released maximum heat during the combustion.
The trend of the behaviour is due to a higher caloriﬁc value of
nanoparticles blended biodiesel than diesel.
5. Conclusion
The performance, emission, and combustion of CRDI diesel
engine using biodiesel (ZJME25) and modiﬁed biodiesel
(AONP25 and AONP50) were analysed. Based on the investi-
gation, the following conclusions are drawn.
 The speciﬁc fuel consumption is higher for the ZJME25
than neat diesel at the entire load and it has reduced with
a raise in the dosing level of AONP. The brake thermal efﬁciency of neat diesel is higher than
ZJME25 blend at all the loads and a small improvement
is observed with the AONP with ZJME25.
 The CO emission decreases with the use of AONP in
ZJME25.
 The addition of AONP decreases the HC emissions when
comparing with neat diesel and ZJME25 blend.
 The NOx emission is lower for the neat diesel than the
ZJME25. The NOx emission was found to be slightly
increased with the addition of AONP with biodiesel blends.
 The amount of smoke emission is lower for ZJME25 than
the neat diesel. The addition of AONP in ZJME25 the
smoke emission was further decreased.
 The heat release rate increases with the addition of AONP
in biodiesel blend. The addition of AONP accelerates earlier
initiation of combustion and cause for the higher heat
release rate when comparing with ZJME25.
Overall, it is clear that the aluminium oxide nanoparticles
(Al2O3) are efﬁcient in improving the properties of biodiesel
blend. It also enhances the performance and reduces the emis-
sion of biodiesel blend used in the diesel engine. For a possible
solution to the increase in the NOx emission, new, modiﬁed
injection strategies with multiple injection events have to be
considered. Further developments are in progress to minimize
the unborn AONP from the exhaust.
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